ABSTRACT: Mechanically assisted crevice corrosion (MACC) is a mechanism for trunnion damage in total hip arthroplasties (THAs). Retrieval studies have shown reduced MACC-related damage for ceramic heads compared with cobalt-chromium (CoCr) heads. We propose that ceramic heads demonstrate fretting at higher cyclic compressive loads than CoCr heads on titanium alloy trunnions in a simulated corrosion model. A closed electrochemical chamber was used to measure fretting current onset loads for two modern titanium alloy trunnions (Zimmer 12/14 and Stryker V-40) in which trunnion failure has been reported. Ceramic and CoCr alloy 36 þ 0 mm heads were impacted on each trunnion and cyclically loaded at 3 Hz with increasing magnitude from 100 to 3,400 N for 540 cycles. Onset load was the cyclic compressive load at which the slope of the average fretting current increased significantly. A CoCr head with V40 trunnion demonstrated the lowest onset load (1,400 N), while the V40 trunnion with a ceramic head showed the highest onset load (2,200 N). Significant differences occurred in average fretting current between head materials for V40 trunnions (p < 0.001) at loads over 2,000 N. CoCr-12/14 and ceramic-12/14 couples demonstrated similar onset loads (2,000 N). All head-trunnion combinations showed cyclical fretting response to loading at 100 N. Head material composition was observed to increase fretting at the taper junction but the effect was taper geometry dependent. Using ceramic heads may reduce the phenomena of trunnion fretting and corrosion but the effect of both trunnion geometry and metallurgy warrants further investigation. Statement of clinical significance: Trunnion corrosion may occur with titanium alloy stems regardless of the head material used. ß
Modularity in total hip arthroplasty (THA) provides surgeons with options for choosing femoral stem and head designs to recreate the hip center of rotation and restore leg length. Surgeons can also perform head exchanges on well-fixed stems for less morbid revision procedures. 1 The disadvantage of THA modularity is micromotion at the head-neck interface, resulting in fretting damage. In the last decade, metallic alloy interfaces have come under increased scrutiny because of their contribution to the failure of metal-on-metal THAs and modular neck stems. [2] [3] [4] Published case series show conventional THAs with modular cobaltchrome heads on polyethylene articulations that resulted in adverse local tissue reaction (ALTR) associated with trunnion corrosion. [5] [6] [7] [8] The proposed mechanism for these failures is mechanically assisted crevice corrosion (MACC) at the taper interface. MACC involves a mechanical breakdown of the oxide layer on articulating metallic surfaces and subsequent crevice corrosion. 9 As MACC progresses, it can lead to an ALTR with possible mechanical failure of the trunnion. [10] [11] [12] Trunnionosis is the cumulative term for trunnion material loss due to the process of MACC with associated ALTR. 13 Trunnion wear is a common bioelectrochemical and biomechanical phenomenon. Some THAs have been revised for catastrophic failure at the head-neck junction from corrosion-related complications, 6, 14, 15 while retrieval studies of head-neck couples revised for causes other than trunnion mechanical failure or ALTR have also frequently demonstrated evidence of fretting and corrosion. [16] [17] [18] Severe trunnionosis was reported with the Accolade TMZF (titanium-molybdenum-zirconium-iron alloy), single wedge cementless stems with V40 trunnions and cobalt-chromium (CoCr) alloy heads (Stryker, Mahwah, NJ). 8, 12, 19 Similar reports were published of failures of Zimmer (Warsaw, IN) 12/14 trunnions on titanium alloy single wedge and CoCr alloy cementless stems with CoCr heads with additional reports of trunnionosis with the Zimmer 12/14 trunnion on cementless CoCr alloy stems and CoCr alloy heads. 6, 7 The problem may be mitigated with the use of a ceramic head. For example, Kocagoz et al. 20 measured the material loss from the head bore-stem cone junctions resulting from taper fretting and corrosion in 50 matched head-stem pairs with CoCr or ceramic heads. They found that the material loss from the ceramic cohort was reduced by an order of magnitude compared with the CoCr cohort.
To better understand the role of MACC in the failure of modular connections, investigators have used controlled in vitro studies to study the effects of MACC. The breakdown of the passive oxide layer on the trunnion surface, an initial step in MACC, produces a change in the crevice environment, detectable in an electrochemical system. Electrochemical changes (i.e., fretting current) that correspond to initial fretting while head-neck interfaces are mechanically loaded in an electrochemical environment have been used previously to examine the effect of head impaction, material couple, surface roughness, and loading on the resulting electrochemical response. [21] [22] [23] [24] [25] [26] In current clinical practice, surgeons are often deciding between ceramicon-polyethylene and CoCr alloy-on-polyethylene, usually with a titanium alloy stem (and taper) for use with cementless fixation. At the same time, surgeons are faced with different taper designs depending on their choice of commercial hip implant system. Unfortunately, there is little information addressing the impact of specific trunnion designs and head composition on this electrochemical phenomenon.
The purpose of our study was to investigate the effect of simulated MACC on two stem designs commonly used in practice with these two head materials. Specifically, our aim was to measure average fretting current and fretting onset loads for two different trunnions with ceramic and CoCr alloy heads using an electrochemical corrosion chamber. Our hypothesis was that fretting current at the head-trunnion interface of two common modern titanium alloy trunnion designs, V40 (Stryker Corp., NJ) and 12/14 (Zimmer Inc., NJ) may occur at higher onset loads for ceramic heads than CoCr alloy heads.
MATERIALS AND METHODS

Implants
Six pristine (never implanted) Stryker Secur-Fit Advanced V40 trunnion 132˚standard size 7 stems and six pristine Zimmer M/L Taper Hip 12/14 trunnion standard size 6 stems were used. The tapers were mated with pristine 36 mm CoCr or ceramic heads, both with 0 mm offset, leading to four head-trunnion test combinations: Ceramic-V40, CoCr-V40, Ceramic-12/14, and CoCr-12/14.
Trunnion Geometry Assessment
Details of the trunnion geometries were unavailable from the manufacturers. Therefore, one pristine trunnion of each design was measured before testing using 3D laser scan models as previously described. 27 Trunnions were coated with aerosol talc and scanned using a noncontact 3D laser scanner (Konica Minolta, Ramsey, NJ). Ten scans were taken every 36˚of revolution to create a point cloud of the trunnion surface. Resulting point clouds were aligned and merged using Geomagic Qualify software (Version 12; Morrisville, NC). The diameter at the proximal (narrowest) and distal (widest) regions of the trunnion were measured from the 2D cross section for each pristine stem design. Taper angle of the femoral trunnion was calculated based on the angle between the edge of the taper and the flat proximal plane of the trunnion. 28 These measurements were repeated three times and averaged for each trunnion.
Mechanical Setup
To improve fixation within the electrochemical corrosion chamber, femoral stems were cut 8 cm distal to the neck. All heads and stems were cleaned and assembled with a 2 kN load applied at 500 N/s, in accordance with ISO 7206-10:2003 (E), using a uniaxial load frame (MTS, Eden Prairie, MN). Prior to assembly, the head and neck interfaces were wetted with phosphate buffered saline (PBS). While wet surfaces may affect micromotion at the head-neck interface, creating a taper crevice environment was a priority for our study. 21 The stems were potted in cement (Bondo, 3M, Atlanta, GA) at an anatomical position of 10˚adduction and 9˚flexion/ extension within the chamber. 29 The chamber was placed on the uniaxial load frame, resting on a ball-bearing plate to allow unrestricted translations. The heads were loaded through a conforming hemi-spherical surface of commercially obtained, non-sterile, ultrahigh molecular weight polyethylene. The implants were cyclically loaded with increasing magnitudes from 100 to 3,400 N, R ¼ 0.1, at 3 Hz, with 540 cycles at each magnitude. 21 
Electrochemical Corrosion Chamber
The electrochemical setup consisted of a three-electrode configuration with the stem as the working electrode, a saturated calomel electrode (SCE) as the reference electrode, and a carbon rod as the counter electrode (Fig. 1) . The chamber was filled with PBS of pH 7.4 at room temperature such that the head-neck junction was fully submerged. Throughout testing, the system was held potentiostatically at À50 mV versus the reference electrode using a potentiostat (Reference 600, Gamry Instruments, Inc, Warminster, PA). Each sample was allowed to rest for 1 h prior to loading to establish a baseline current. At the conclusion of the mechanical loading, the current was monitored to observe recovery or evidence of a sustained crevice corrosion reaction. During mechanical loading, current was measured at 20 Hz. Onset load was defined as the load corresponding to the points of maximum curvature, where a large change in slope on the current-load curve occurs. 30 An established "kneedle" algorithm was used to determine these transition points. 31 Additionally, the frequency domain of the data was analyzed using Fast Fourier Transform to determine the load at which the measured current demonstrated a 3 Hz cyclic behavior, corresponding to the applied load. Each head-trunnion couple was tested three times in succession. Data from one test per sample, a representative closest to the intra-sample average, were included in final results, averaged across samples.
Statistical Analysis
Student's t-test was used to determine differences between the two trunnion geometries. Three Way ANOVA (trunnion vs. head material vs. cyclic compressive load) with all pairwise multiple comparison procedures using the Holm-Sidak method was performed. A p-value < 0.05 was considered significant.
RESULTS
The taper geometries were significantly different between V40 and 12/14 trunnions. The V40 trunnion was shorter (10.2 AE 0.1 mm vs. 13.6 AE 0.1 mm, p < 0.001) with smaller diameters at the proximal (11.4 AE 0.1 mm vs. 12.6 AE 0.0 mm, p < 0.001), and distal (12.4 AE 0.0 mm vs. 13.9 AE 0.0 mm, p < 0.001) ends of the trunnion compared to the 12/14 trunnion. The SIMULATED CORROSION OF HIP TRUNNIONS taper angle of both trunnion designs was 5.7 AE 0.0˚. The length of engagement between the head and trunnion were not evaluated and pull-off testing was not performed. Additionally, surface roughness was not evaluated, though gross examination showed differences in the appearance of machining lines (Fig. 2) .
The average fretting currents of the ceramic-V40 couple and the CoCr-V40 couple were significantly different at loads from 2,200 to 3,400 N (p < 0.001 for all loads, Fig. 3 ). In contrast, the fretting currents of the ceramic and CoCr heads on 12/14 trunnions were differed significantly only (p < 0.001) at the highest magnitude (3,400 N) load. V40 and 12/14 trunnions with ceramic heads were significantly different at loads between 2,600 and 3,400 N (p < 0.001 for all loads).
Each of the four head-trunnion couples demonstrated different fretting current onset loads. The CoCr-V40 couple demonstrated the lowest onset fretting load of 1,400 N, while the highest fretting onset load was observed in the ceramic-V40 couple at 2,200 N. The onset load for CoCr-12/14 and ceramic-12/14 couples were 2,000 N.
The magnitude of applied cyclic load affected the average value and amplitude of the current in all head-trunnion couples (Fig. 4) . For 10 of the 12 tested samples, this cyclic fretting current occurred at the start of testing, with 10-100N of applied load. Two samples, both CoCr-12/14 head-trunnion couples, demonstrated cyclic fretting currents at 200 and 300 N.
DISCUSSION
The onset of fretting and the average fretting current throughout increasing loading cycles reflect the mechanical disruption of the trunnion passive oxide layer. The increase of the fretting current infers more severe damage to the oxide layer, leaving the surface susceptible to crevice corrosion. Our simulated electrochemical analysis of the head-neck microenvironment showed different fretting current onset loads between Figure 1 . The electrochemical simulated corrosion chamber consisted of a three-electrode configuration with the stem as the working electrode, a saturated calomel electrode as the reference electrode, and a carbon rod as the counter electrode. The chamber was filled with phosphate buffered saline (PBS) of pH 7.4 at room temperature such that the head-neck junction was fully submerged. Sequential loads from 100 to 3,400 N were applied at 3 Hz for 540 cycles and average fretting current was recorded for each load. two clinically used trunnions with ceramic and CoCr alloy heads. The results support our hypothesis that fretting current at the head-trunnion interface of two common modern titanium alloy trunnion designs, the V40 and the 12/14, may occur at different onset loads for ceramic heads than for CoCr alloy 36 mm heads. However, all head-trunnion couples showed cyclic fretting currents at low loads, demonstrating passivation and repassivation at the trunnion passive oxide layer. Though the fretting current magnitudes were low, observations of damage to the oxide layer at low loads are important in understanding the prevalence of MACC. Additionally, the difference in fretting currents between trunnion designs suggests that the 
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effect of head material on fretting corrosion may not be universal across all trunnion designs. Further, we can surmise that trunnion geometry and flexural rigidity may not be the only factors contributing to risk of fretting corrosion.
We can compare the onset loads from our experiment with physiologic loads measured from instrumented femoral components implanted in THA patients. 32 The fretting onset load (1,400 N) in the CoCr-V40 couple is below loads (2,232 N) measured for a 75 kg adult patient ascending stairs, and all couples demonstrated an onset of fretting at loads lower than those observed in a 100 kg adult during stance (3, 340 N ). Even at loads of 100 N, a majority of tested samples demonstrated current responses consistent with damage to the oxide layer. Given that obesity rates are increasing, 33 the implication is that larger loads should be considered more typical and a threat to the trunnion resistance to crevice corrosion.
Only a few trunnion failures coupled with ceramic heads have been reported in the literature, [34] [35] [36] while nearly all reported trunnionosis cases occurred with CoCr alloy heads. [5] [6] [7] 15, 19 Retrieval studies and in vitro testing of ceramic heads suggest a reduction, but not the elimination, of trunnion fretting and corrosion. 18, 29 From our experiments, we cannot categorically say that ceramic heads are protective of trunnion corrosion. The ceramic-V40 couple had a higher onset load than the CoCr-V40 couple, but the onset loads of the ceramic-12/14 couple and CoCr-12/14 couple were similar. This observation suggests that trunnionosis is not head material or trunnion related in isolation, but rather depends on a combination of factors.
The V40 trunnion was introduced in 1993 to improve hip range of movement. The smaller diameter at the base of the trunnion increases the head-to-neck ratio and therefore increases arc of motion before impingement. Perhaps this shorter, thinner titanium alloy trunnion is more susceptible to fretting when coupled with a CoCr alloy head, though this has not been shown in retrieved implants, in which damage scores for fretting were not different between V40-CoCr and C-Taper-CoCr couples. 17 The high onset fretting load seen in the V40-ceramic couples was surprising, given clinical concerns with the trunnion design.
There are limitations to this study. First, we did not compare differences in metallic alloy for the V40 the metallurgy of the trunnions. Failures of Accolade TMZF V40 stems due to trunnionosis suggest that lower material modulus of elasticity, and therefore reduced flexural rigidity, may be a factor in trunnion corrosion. We elected to test titanium alloy V40 trunnions rather than TMZF alloy to compare different stems designs with similar metallurgy. In addition, we did not assess the surface roughness of the female bore and male trunnion; surface roughness has been both implicated and exonerated in trunnion wear. 29, 37 We did not explore the influence that head length (engagement length) and head diameter may have on fretting current under increasing cyclic compressive loads; 38 instead, we sought to limit our investigation to the influence of head material on trunnion corrosion. Data in the literature regarding the influence of head size on trunnionosis are mixed. We chose a diameter of 36 mm, as surgeons are often implanting 36 mm heads to increase hip stability. [39] [40] [41] Another limitation is the difference in neck length between the stems in our study. We preferred to use stem sizes that approximated in femoral offset rather than neck length since offset has been implicated in trunnionosis. 42 We were limited in the sample size due to the purchase cost of pristine implants, but expect to expand our testing protocol for other stem and head couples. Finally, we present acute behavior of the taper junction not meant to reproduce corrosion damage seen in retrieved stems. These results assess the effect of trunnion design on the initial fretting corrosion process and cannot determine long-term trunnion wear.
The major strength of this study is the real-time investigation of the effect of compressive loads on current at the head-trunnion interface in a controlled environment. Most information pertaining to trunnion wear is based on retrieval studies, with only a small number of reports employing controlled electrochemical corrosion chambers. 22, 29, 43 This methodology allows systematic investigation of factors implicated in trunnionosis. We have shown that ceramic heads are not universally protective for fretting current onset, despite conflicting results from retrieval analyses of modular connections. 44 Further studies employing in vitro analysis of trunnion design using an electrochemical chamber are warranted, especially since recent retrieval analysis of six different trunnion designs failed to demonstrate significant differences in combined fretting and corrosion score, 45 suggesting that retrieval analysis may be of limited usefulness to explore specific factors affecting MACC.
While MACC is considered the mechanism leading to trunnionosis, whether a singular cause of trunnionosis exists is unknown. Instead, trunnionosis is likely due to a complex interplay of head and stem metallurgy, taper design, local crevice chemical environment, manufacturing and packaging, biomechanical aspects of the reconstruction, implantation technique, and host response. We conclude that altering head material has inconsistent effects on fretting current across stem designs and should not be considered alone to lower fretting onset loads. We propose further simulated testing of head-trunnion couples with a particular focus on trunnion design.
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